Abstract: Red sorrel is a common weed in lowbush blueberry fields in Nova Scotia, Canada. Grower experience suggests that high red sorrel density necessitates fungicide applications to control Botrytis cinerea, a major fungal pathogen in lowbush blueberry. Specific interactions between red sorrel, lowbush blueberry, and B. cinerea, however, remain unclear. Experiments were conducted in Nova Scotia to determine the (1) presence or absence of red sorrel pollen on lowbush blueberry flowers in the field, (2) impact of red sorrel pollen on in vitro B. cinerea spore germination and infection of immature and mature blueberry flowers, and (3) effect of pronamide applications on red sorrel and lowbush blueberry growth. Red sorrel pollen grains were found on blueberry flowers in the field. In vitro B. cinerea spore germination increased with increasing red sorrel pollen concentration, with the relationship adequately explained by a 3-parameter exponential rise to a maximum equation. Red sorrel pollen increased B. cinerea disease incidence on immature, but not mature, blueberry flowers in the greenhouse. Pronamide applications reduced red sorrel density in three out of four site years, but did not reduce red sorrel biomass or increase harvestable blueberry yield. Red sorrel pollen may increase B. cinerea disease incidence in lowbush blueberry, and growers should expect variable results when using pronamide for red sorrel management.
Introduction
The lowbush blueberry (Vaccinium angustifolium Ait.) is a rhizomatous perennial berry species native to Eastern North America. Commercial blueberry fields are developed from native stands and managed primarily on a two-year cycle in which fields are pruned in the first year (non-bearing year) and harvested in the second year (bearing year) (Agriculture and Agri-Food Canada 2005) . Fields are managed to encourage the vegetative spread of blueberry plants, but this can also encourage growth and spread of perennial weeds (Yarborough and Bhowmik 1989; McCully et al. 1991 ) that compete with blueberries, decrease yields, and inhibit harvest operations.
Red sorrel (Rumex acetosella L.) is a common, herbaceous, perennial weed species often found in commercially managed lowbush blueberry fields (McCully et al. 1991) . The plant is dioecous and spreads by seeds and a shallow creeping root system (Kennedy et al. 2011) . Seedlings contribute to established red sorrel populations in lowbush blueberry fields (White et al. 2014 ), but vegetative reproduction of ramets from the creeping root system is the primary means of population maintenance (Kennedy et al. 2010; White et al. 2014) . Red sorrel is a concern to commercial lowbush blueberry growers due to yield reductions associated with heavily infested fields, the lack of effective control options for this species, and potential interactions between red sorrel and other pests, particularly the fungal blight Botrytis cinerea.
Grower experience suggests that high densities of red sorrel increases the need for additional fungicide applications to control the fungal organism B. cinerea, which causes blight of lowbush blueberry flowers, fruit, and leaves (Hildebrand et al. 2001) . Spores of this disease overwinter on plant debris (Lambert 1990) , including leaves of common weed species such as red sorrel (Delbridge and Hildebrand 1995) . Lowbush blueberry flowers become susceptible to B. cinerea infection just prior to opening (Delbridge et al. 2007) , and the disease damages expanded corollas and causes flower abscission (Hildebrand et al. 2001) . Red sorrel flowers at a similar time as lowbush blueberry (White et al. 2015) , with male flowers producing copious amounts of wind-dispersed pollen (Hughes personal observation). Pollen from some flowering species, including lowbush blueberry, stimulates B. cinerea spore germination and germ tube growth (Chu and Preece 1968; Fourie and Holz 1998; Hildebrand et al. 2001) . However, it is unclear if red sorrel pollen is capable of stimulating spore germination and thus increasing incidence of B. cinerea infection. Yield losses from severe B. cinerea outbreaks in lowbush blueberry often exceed 30% (Delbridge and Hildebrand 1995) and as a result there is a need to improve our understanding of the potential interactions between weed species such as red sorrel and disease problems in lowbush blueberry.
Red sorrel is typically managed with biannual applications of the selective herbicide hexazinone. Kennedy et al. (2010) reported that hexazinone applications reduce red sorrel density and growth in blueberry fields, but effectiveness varied significantly across field sites. Hexazinone-resistant populations of red sorrel have been detected in commercial lowbush blueberry fields (Li et al. 2014) , indicating limited future utility of this herbicide for red sorrel management. Autumn applications of the herbicide pronamide (Kerb ™ ) following blueberry pruning have become a standard control option for suppression of red sorrel, though few studies have examined the efficacy of pronamide on established red sorrel populations.
The objectives of this research were to (1) determine the amount of red sorrel pollen transferred to blueberry flowers under field conditions, (2) determine if red sorrel pollen enhances in vitro germination of B. cinerea spores, (3) determine the effect of red sorrel pollen on infection of immature and mature lowbush blueberry flowers by B. cinerea, and (4) determine the effect of autumn applications of the herbicide pronamide on red sorrel and blueberry growth. Open flowers were bagged in the field, brought back to the laboratory, placed in flasks containing 10 mL of distilled water, and shaken for 1 min. Five 1-mL subsamples were collected from each flask and red sorrel pollen grains in each subsample were counted microscopically using a haemocytometer (Hildebrand et al. 2001) . Mean pollen concentration for each replicate "W" on each collection date were determined from the five subsamples. Identification of red sorrel pollen was confirmed through visual reference to pure red sorrel pollen collected from male flowers reared in the laboratory. Data were used to estimate the number of red sorrel pollen grains per open blueberry flower on each sampling date. Pollen from blueberry flowers or other flowering plants were not quantified on each counting date.
Materials and Methods
Effect of red sorrel pollen on Botrytis cinerea spore germination
The experiment was completed in the summer of 2009 and consisted of three replications of eleven treatments. Red sorrel pollen was obtained by collecting flowering male red sorrel stems from bearing year lowbush blueberry fields near Debert, NS, Canada, in July 2009. Stems were brought to the lab and placed into a flask of distilled water for 2-4 d to allow the flowers to open. When flowers began releasing pollen, the pollen was shaken off and collected in a vial where it was allowed to dry for 2-3 d. The pollen was then placed into a Mason jar containing calcium sulfate dessicant (Drierite, W A Hammond Drierite Co., Ltd., Xenia, OH 45385, USA) and stored at 4°C for 4-6 wk. Botrytis cinerea spores collected from an isolate of B. cinerea (B-94) were grown on Pseudomonas Agar F supplemented with glucose in Petri dishes (Hildebrand et al. 2001) for one wk at 22°C in the laboratory. Spores from 2 to 3 Petri dishes were aspirated into distilled water and the resulting heavy suspension was shaken vigorously to break up clumps of spores. Spores were then filtered through several layers of sterile cheesecloth. A stock suspension of B. cinerea spores was prepared by diluting the suspension to 300 000 spores mL −1 with the aid of a haemocytometer. A stock suspension of red sorrel pollen was prepared to a concentration of 32 000 grains mL −1 , and a dilution series of 11 red sorrel pollen concentrations (16 000, 8000, 4000, 2000, 1000, 500, 250, 125, 62.5, 31.5 grains mL
) and a constant B. cinerea spore concentration (150 000 spores mL −1 ) were prepared. A dilution series of 0.5 mL of each pollen concentration was prepared from the initial stock solution. Three 0.75 μL droplets of each spore/pollen suspension and a control (spores but no pollen) were transferred to plastic Petri dishes and incubated at 22°C for 20 h as maximum disease incidence on open lowbush blueberry flowers occurs within 20 h under moist conditions at 20 C (Hildebrand et al. 2001) . Dishes were then frozen to stop germination. The samples were subsequently thawed to microscopically assess incidence of spore germination. A cover slip was placed over each droplet and 100 spores were counted to obtain percentage of germinated spores.
Effect of red sorrel pollen on Botrytis cinerea infection of lowbush blueberry flowers
The experiment was a 2 × 2 factorial arrangement of red sorrel pollen (presence, absence) and blueberry flower growth stage (F4-immature, F7-mature) arranged in a completely randomized design with three replications of each treatment. Each replication of each treatment consisted of five greenhouse grown blueberry plants (Briar Patch Nursery, 4568 Highway No. 1, Berwick, NS, Canada) kept dormant in cold storage prior to the initiation of the experiment. Plants were removed from cold storage and allowed to develop in a greenhouse to the F4 flower stage (corolla beginning to protrude from the calyx) and to the F7 flower stage (full bloom) (Hildebrand et al. 2001) . Flower development was relatively uniform in all plants and therefore disease incidence was estimated on all flowers per plant. The experiment was conducted at the Atlantic Food & Horticulture Research Centre, Kentville, NS, Canada, and was repeated three times. A stock suspension of B. cinerea spores at 200 000 spores mL −1 and a stock suspension of red sorrel pollen at 16 000 grains mL −1 were prepared.
The spore and pollen suspensions were then mixed 1:1 to obtain suspensions of 100 000 spores mL −1 and 8000 grains mL −1 . A suspension of 100 000 spores mL −1
(200 000 spores diluted 1:1 with water) served as a control. Approximately 4 mL of spore/pollen suspension was sprayed onto each blueberry plant using an atomizer (Hildebrand et al. 2001) . Plants were then incubated at 20°C in darkness in a moist chamber for 72 h to encourage spore germination and infection. Flowers were then assessed for incidence of disease based on the presence or absence of the brown lesions associated with B. cinerea infection. Percentage of infected flowers was averaged across the five plants in each replicate and are presented as the mean proportion of infected flowers in each treatment.
Experimental design and data collection for pronamide evaluation
Sites for evaluation of the efficacy of the herbicide pronamide were established at Mt. Thom (45°29′N, 63°59′W) and Kemptown (43°29′N, 63°59′0W), Nova Scotia, in October 2008. The Mt. Thom site was in autumn of the non-bearing year while the Kemptown site was in autumn of the bearing year at the time of trial establishment. Data were collected at each site during the 2009 and 2010 growing seasons. The experiment was designed as a randomized complete block with two treatments and four blocks at each site. Treatments were (1) untreated control and (2) pronamide application in autumn of the non-bearing and bearing year. Plot size was 4 m × 6 m, with a 1-m buffer between each block but no buffer between treatment plots. Pronamide was applied at a rate of 2.25 kg a.i. 
Statistical analysis
The effect of red sorrel pollen presence or absence and blueberry flower growth stage on B. cinerea infection was determined by ANOVA using PROC MIXED in SAS (SAS Institute, 2003) . The presence or absence of red sorrel pollen and blueberry flower growth stage were modeled as fixed effects in the analysis. Means were generated using the LSMEANS statement, and means separation was determined based on Tukeys multiple means comparison at P = 0.05. The response of B. cinerea spore germination as a function of red sorrel pollen concentration was modeled using nonlinear regression in SigmaPlot (Systat Software Inc., San Jose, CA, USA). The data were fitted to a 3-parameter nonlinear regression equation which describes an exponential rise to maximum curve of the form:
where y is the predicted % spore germination, a is the % spore germination at 0 red sorrel pollen grains mL −1 , b is the theoretical maximum % spore germination, c is the rate constant, and x is the concentration of red sorrel pollen grains. The effect of pronamide applications on blueberry and red sorrel stem density, aboveground biomass, blueberry stem height, flower buds per stem, and final yield, was determined in SAS (SAS Institute 2003) using PROC MIXED. Means were generated using the LSMEANS statement, and means separation was determined using a t-test. Sites were analyzed separately due to each site being in a different year of the blueberry production cycle at the time of the experiment.
Results and Discussion
Red sorrel pollen grains were detected on open blueberry flowers, with 100-900 pollen grains flower −1 in 2009 (Fig. 1A) and 250-2300 grains flower −1 in 2010 (Fig. 1B) . Red sorrel pollen release coincided with blueberry bloom at Collingwood and Debert, Nova Scotia, in 2009 and 2010 (data not shown), and timing of peak pollen concentrations on blueberry flowers (day of year 165-170) generally coincides with 70-90% red sorrel flowering in the field (White et al. 2015) . These results therefore demonstrate that red sorrel pollen is transferred to blueberry flowers under field conditions. Laboratory experiments found a non-linear relationship between in vitro B. cinerea spore germination and concentration of red sorrel pollen (Fig. 2) , with greater than 90% spore germination occurring at approximately 9000 red sorrel pollen grains mL −1 . These results are similar to other studies that found the presence of pollen increases incidence of B. cinerea spore germination (Chu and Preece 1968; Fourie and Holz 1998) . Increases in spore germination in vitro occurred at red sorrel pollen concentrations found on blueberry flowers in the field, but concentrations were generally below 1000 pollen grains flower −1 for most of the bloom period (Fig. 1 ). This concentration caused approximately 40% spore germination in vitro (Fig. 2) , though it is unclear if the same relationship exists under field conditions. Infection of F7 lowbush blueberry flowers occurs at spore germination rates of 50% or less, however, under controlled conditions (Hildebrand et al. 2001) , so a similar trend under field conditions may cause a disease outbreak. For example, Keller et al. (2003) reported that <10% germination of B. cinerea spores on grape (Vitis vinifera L. cv. Gamay) flowers resulted in 20% infection of berries at veraison and 100% infection by full harvest under field conditions. Further research is therefore required to determine if sufficient red sorrel pollen is deposited on lowbush blueberry flowers to increase incidence of B. cinerea infection under field conditions. Botrytis cinerea disease incidence on blueberry flowers in the greenhouse was significantly affected by lowbush blueberry flower growth stage at the time of treatment (P = 0.0001), presence or absence of red sorrel pollen (P = 0.0214), and the interaction between lowbush blueberry flower growth stage and presence or absence of red sorrel pollen (P = 0.0400). Applying red sorrel pollen to F4 blueberry flowers increased disease incidence (Fig. 3 ), but F7 flowers reached similar levels of B. cinerea infection with or without the presence of red sorrel pollen (Fig. 3) . The higher infection rate of F7 relative to F4 flowers is consistent with reports of flower susceptibility to B. cinerea in lowbush (Hildebrand et al. 2001) and highbush blueberry (Smith 1998) . Our results, however, suggest that nutrient sources, such as pollen, increase susceptibility of younger flowers to B. cinerea. It is, however, unclear if the presence of pollen facilitates earlier infection of lowbush blueberry flowers by B. cinerea under field conditions. A similar increase in infection in F7 flowers likely did not occur due to the presence of alternative nutrient sources on F7 flowers, limiting the stimulating effects of pollen (Hildebrand et al. 2001) .
Pronamide applications in autumn of the nonbearing and bearing years reduced red sorrel ramet density 74% and 88% in 2009 and 2010, respectively, at Kemptown (Table 1) . Reduction in ramet density was less pronounced at Mt. Thom and was only significant in 2009 (Table 1) . Reductions in aboveground red sorrel biomass were only significant at Kemptown in 2009 (Table 1) . Lack of biomass reduction at Mt. Thom was likely due to the lower magnitude of ramet density reduction at this site (Table 1) , but lack of biomass reduction at Kemptown in 2010 is less clear. We acknowledge the large variability in our biomass data (Table 1) , which likely limited our ability to detect significant differences at the level of replication used in the experiment. These results, however, are likely representative of the variability in pronamide activity observed by growers and researchers on red sorrel in lowbush blueberry. Further research is required to ), where y is the predicted % spore germination, a is the % spore germination at 0 red sorrel pollen grains mL −1 , b is the theoretical maximum % spore germination, c is the rate constant, and x is the concentration of red sorrel pollen grains. Parameter estimates were obtained from SigmaPlot (Systat Software Inc., San Jose, CA, USA). determine the factors affecting the efficacy of this product on red sorrel as results with pronamide on other weed species (e.g., Festuca spp.) is generally much more consistent (S. White, personal observation). Blueberry stem density was not significantly affected by pronamide applications at either study site (Table 2) , and aboveground blueberry biomass only increased significantly following pronamide applications at Kemptown in 2009 (Table 2 ). Yield potential of blueberry stems, as measured by floral bud counts and final harvestable yield, were also unaffected by pronamide applications at each site (Tables 2 and 3 ). We therefore caution that pronamide activity on red sorrel is variable in lowbush blueberry and that applications of this herbicide for red sorrel control may not result in increased yields. Red sorrel is a common weed in lowbush blueberry, and our combined results suggest the presence of red sorrel pollen during bloom may contribute to increased incidence of B. cinerea infection on lowbush blueberry flowers. Red sorrel pollen was detected on open lowbush blueberry flowers in the field. Controlled studies demonstrated increased B. cinerea spore germination and infection rates of lowbush blueberry flowers in the presence of red sorrel pollen, but it is still unclear if similar results occur under field conditions. Red sorrel suppression with pronamide is variable and did increase blueberry yield potential or final harvestable yield in this study. We therefore caution that pronamide activity on red sorrel is variable in lowbush blueberry and that applications of this herbicide for red sorrel control may not result in increased yields. Values represent the mean ± 1 standard error.
